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Abstract 
A systematic study of the physical properties and microscopic magnetism of Nd7Pd3 compound, 
which in the paramagnetic state crystallizes in the non-centrosymmetric hexagonal Th7Fe3-type 
structure [hP20−P63mc; with a = 10.1367(1) Å and c = 6.3847(1) Å at 300 K], confirms multiple 
magnetic ordering transitions that occur upon cooling.  Antiferromagnetic transition is observed at 
TN = 37 K, which is followed by ferromagnetic transformation at TC = 33 K. The first-order 
magnetic transition at TC is magnetoelastic: it involves a change of crystal symmetry from P63mc to 
Cmc21 and leads to anisotropic changes of the unit cell parameters. While the antiferromagnetic 
structure is symmetry allowed in P63mc, the ferromagnetic structure with magnetic moments along 
the a-direction of the original hexagonal unit cell induces the first order transition to Cmc21. 
Density functional theory calculations confirm the experimentally observed ground state with the a-
axis as the easy magnetization direction. 
 
Keywords: Nd7Pd3, multiple magnetic transitions, magnetoelastic ferromagnetic transition, 
structural change, magnetic structure  
                                                          
* Corresponding author: slavkomk@ameslab.gov  
2 
 
 
1. INTRODUCTION 
Highly non-linear responses of materials to external perturbations, such as changes in temperature, 
hydrostatic pressure, or/and magnetic field, remain an important topic for investigations due both to 
the interesting underlying science and the potential for applications, e.g., in solid state caloric heat 
pumps [1]. Among a rather limited group of intermetallic compounds that respond strongly to 
external influences, binary R-M systems, where R is a rare earth and M is a transition metal, are 
especially important as the magnetic ordering in these systems is often coupled with 
crystallographic changes [2, 3].  Most of the research performed to date has been focused on 
compounds formed by rare earths with 3d metals, although those containing 4d and 5d metals hold 
promise for interesting physics as well [4, 5]. While the absolute majority of rare earth-based 
intermetallics crystallize in centrosymmetric lattices, compounds that lack the center of inversion 
are coming into the spotlight due to their potential to exhibit interesting behaviors related to strong 
spin-orbit coupling and other quantum effects [5]. 
Moreau and Parthé reported the crystal structure of Nd7Pd3 compound along with its analogues 
formed by other light lanthanides and Gd nearly half a century ago [6]. These binary R7Pd3 phases 
crystallize in the hexagonal Th7Fe3 structure type (hP20) adopting non-centrosymmetric space 
group symmetry P63mc at room temperature [6, 7]. In this structure, the R atoms occupy three 
different crystallographic sites (26c and 2b), whereas the Pd atoms reside on a single 6c site. As a 
result, these materials contain three different, potentially competing sublattices formed by the 
magnetic lanthanide ions. 
Magnetic and electrical properties of Nd7Pd3 have been studied using both polycrystalline and 
single crystalline samples [8, 9, 10, 11]. Kadomatsu et al. [8] reported a paramagnetic (PM) – 
antiferromagnetic (AFM) ordering transition at TN = 38 K followed by AFM – ferromagnetic (FM) 
order-order transformation at TC = 33 K upon cooling. Magnetization, magnetic susceptibility and 
electrical resistivity measurements carried out on Nd7Pd3 single crystals [10] showed two transitions 
at TN = 39 K and TC = 34 K, and another possible magnetic transition at 15.7 K at zero pressure. 
The physical properties of this compound are sensitive to hydrostatic pressure, p: the FM state can 
be suppressed by  p, and two different antiferromagnetic states, termed AFM1 and AFM2, emerge 
at the characteristic temperature Tt  10 K above 10 kbar.  A recent study reported that dTC/dp and 
dTN/dp for Nd7Pd3 are, respectively, –1.906 K kbar
-1 and –0.313 K kbar-1, yet Tt is nearly 
independent of pressure [11]. Large magnetic anisotropy was reported, with a-axis as the easy and 
the c-axis as the hard magnetization directions. The same set of transitions at Tt = 15 K, TC = 34 K, 
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and TN = 38 K was confirmed by AC magnetic susceptibility measurements at standard pressure 
[11]. For Nd7Pd3 and Sm7Pd3, large positive magnetovolume effects on cooling were observed 
below TC [8]. A step-like volume change and distinct metamagnetic behavior observed in Nd7Pd3 
[8] led to further investigations of potentially functional behaviors. Specifically, magnetocaloric and 
magnetoresistive properties were studied, revealing a first-order phase transition at TC [9]. Sizeable 
magnetic entropy change of -13 J/mol K was observed for a relatively low magnetic field change of 
10 kOe at 35 K. Large negative magnetoresistance, ~21 % for a magnetic field change of ΔH = 50 
kOe, was also reported near TC. 
To date, microscopic magnetism of Nd7Pd3 remains undetermined, even though the related Nd7Rh3, 
which shows successive magnetic transitions at 32 K and 16 K and is known to exhibit a magnetic 
field induced first-order phase transition, was studied by neutron diffraction [12]. Both AFM and 
FM states co-exist in Nd7Rh3 below 20 K and it is interesting to see whether similar magnetic phase 
coexistence is present in Nd7Pd3. Further, the crystal structure of the low-temperature phase and the 
nature of the transition at Tt without applied pressure (in the FM state) remain unknown.  Here we 
report results of in situ X-ray and neutron diffraction experiments performed on a polycrystalline 
specimen of Nd7Pd3.  The experimental data are complemented by first principles calculations to 
rationalize the observed behaviors. 
 
2. METHODS  
2.1. Synthesis and phase analysis 
Three Nd7Pd3 samples were prepared: one each for magnetization and heat capacity measurements 
(each weighed 4–5 g), and a third for neutron diffraction work (total mass of 8.5 g). The alloys were 
synthetized by arc-melting of commercially available metals (99.9 wt.% purity for Nd with respect 
to other lanthanides, and 99.99 wt.% purity for Pd) weighed in the stoichiometric proportions under 
a pure Ti(Zr)-gettered Ar atmosphere. The Nd metal was handled in a glove box and was cleaned by 
filing away minor surface oxidation layer before use. The buttons were re-melted four times, 
turning them over after each melting to ensure homogeneity; weight losses were below 0.3 wt.%. 
The alloys were placed in an outgassed Ta tube, which was sealed in a quartz ampoule under 
vacuum, and annealed at 700 °C for 7 days in a resistance furnace. Then the furnace was turned off 
and the samples were cooled down with the furnace. The annealed buttons were brittle. Whole 
buttons and pieces can be handled in air, but they turn dark if stored outside the glovebox for a 
prolonged period of time (i.e. more than a week). In the powdered from, Nd7Pd3 reacts with air-
conditioned air faster, i.e., it becomes heavily oxidized over the course of 48 hours. Phase analysis 
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of the samples was performed by optical and scanning electron microscopies, semi-quantitative 
electron microprobe analysis, and powder X-ray diffraction (XRD). Two of the three samples 
contained about 2 vol.% of the NdPd impurity phase, which has a magnetic ordering temperature of 
15 K [13]. 
2.2. X-ray powder diffraction 
A Guinier-STOE camera [Cu Kα1 radiation; Si as an internal standard, a = 5.4308(1) Å] was used 
for room temperature structural characterization. The collected Guinier patterns were indexed using 
LAZY PULVERIX [14]; accurate lattice parameters were obtained by a least-squares fit of the 
indexed Bragg reflections.  
Low-temperature X-ray powder diffraction data were collected on a Rigaku TTRAX rotating anode 
diffractometer (Mo Kα radiation) equipped with a continuous flow cryostat [15]. Sample for the 
low-temperature measurements was taken from the alloy used for the magnetic measurements and it 
was prepared as described in [15].  The X-ray powder diffraction patterns were collected on cooling 
the sample in vacuum from room temperature (300 K) to the lowest measured temperature of 10 K. 
The sample was held at each desired measurement temperature for 5-10 min prior to the start of 
data collection. The obtained XRD patterns were refined using Rietica LHPM [16]. 
Synchrotron data were recorded at the powder diffraction station of the BL04-MSPD beamline [17] 
of the ALBA Synchrotron Light facility (Barcelona, Spain) in the transmission mode using the 13 
channel multianalyzer (MAD) setup which gives the highest angular resolution of the instrument. 
Patterns were recorded at  = 0.31772 Å to minimize absorption with the sample filled in a 0.3 mm 
diameter borosilicate capillary.  Data were recorded at the base temperature of 10 K and between 20 
K and 50 K using the liquid helium flow cryostat Dynaflow [18] and refined using the Rietveld 
refinement program FULLPROF [19]. 
2.3. Neutron powder diffraction 
The high resolution neutron powder diffraction data were collected at the Institute Laue Langevin, 
Grenoble, France on the high resolution powder diffractometer D2B (λ = 1.5957 Å) at 300 K, 20 K 
and 1.5 K.  The temperature dependent spectra (thermodiffractogram) were measured on warming 
in the high intensity powder diffractometer D1B (λ = 2.5255 Å) from 1.5 K to 45 K recording each 
10 min spectrum with a T of 1 K. Data with higher statistics (30 min counting time) were 
measured at 1.5 K, 33 K and 45 K. Data analysis was performed using the Rietveld refinement 
program FULLPROF [19]; magnetic symmetry analysis was performed using the program Basireps 
[20, 21]. 
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2.4. Physical property measurements  
Heat capacity was measured from 1.8 to 60 K using a Quantum Design Physical Property 
Measurement System (PPMS). DC magnetization was measured as a function of both temperature 
(in the range 2–300 K) and applied magnetic fields (0 to 5 T) using a Magnetic Property 
Measurement System (MPMS, Quantum Design, San Diego, USA). AC magnetic susceptibility was 
measured from 2 to 200 K in a 1 Oe bias DC field using Quantum Design MPMS. Resistivity 
measurements were carried out between 1.8 and 300 K by the four probe dc method using a current 
of 50 mA, while a Lake Shore silicon diode was used to measure the temperature. 
2.5. Theory 
Electronic structure calculations have been performed using crystallographic parameters derived 
from laboratory XRD data recorded at 40 K for P63mc and from synchrotron data acquired at 10 K 
for Cmc21. We employed local spin density approximation approach including onsite 4f-electron 
correlations [22] and spin orbit coupling (LSDA+U+SOC) within full potential linear augmented 
plane wave (FP-LAPW) band structure method [23, 24]. Different values of the onsite 4f-electron 
correlation parameter (U) ranging from 1 eV to 8 eV were considered. When U is stepped from 1 to 
4 eV, magnetic moments increase by ~0.2 µB/Nd and total energy increases by ~2 eV/f.u.  Between 
4 and 8 eV, however, both are only weakly dependent on U, increasing, respectively, by ~0.03 
µB/Nd and ~0.98 eV/f.u.  The results shown here are with U = 6.7 eV and onsite 4f-electron 
exchange parameter J = 0.7 eV, which are observed values for Gd [22].  In addition to representing 
the region where the magnetic moments and total energy remain nearly constant, U = 6.7 eV locates 
the 4f states in agreement with the x-ray photoemission spectroscopy of the Nd metal [26]. The k-
space integrations have been performed with 16 × 16 × 16 Brillouin zone mesh, which was 
sufficient for the convergence of total energies and magnetic moments. 
 
3. RESULTS AND DISCUSSION 
The first two samples (used in physical property measurements) contained trace amounts (less than 
2 vol.%) of the congruently melting compound NdPd [13], while the third sample (used for neutron 
diffraction experiment) was free from NdPd but it contained a similar amount of a different, 
unidentified impurity phase. The lattice parameters of Nd7Pd3 compound with the confirmed non-
centrosymmetric hexagonal Th7Fe3-type structure, as determined by room temperature XRD 
measurements, are a = 10.130(1) Å, c = 6.387(1) Å. These values match a = 10.131(6) Å, c = 
6.386(4) Å reported earlier [6], indirectly indicating that Nd7Pd3 is a line compound with a 
negligible homogeneity region.  
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3.1. Magnetic Properties of Nd7Pd3  
Magnetic measurements described here confirm the results previously reported in literature on the 
bulk magnetic behavior of Nd7Pd3. Upon cooling, both of the smaller samples used in the physical 
property measurements order antiferromagnetically at TN = 37 K, followed by a ferromagnetic 
reordering via a very sharp first-order transition at TC = 33 K (Fig. 1). Despite the first-order nature 
of the FM - AFM transition, thermal hysteresis at TC is negligible as demonstrated by ZFC (zero 
field cooled heating), FCC (field cooled cooling), and FCW (field cooled warming) measurements 
in 50 Oe (Figure 1), 1 kOe (Figure 2a), and 20 kOe (Figure 2b) applied magnetic fields. While the 
transition itself is practically anhysteretic, there is thermomagnetic irreversibility between ZFC and 
FCW data below TC due to domain wall pinning typically seen in ferromagnets with non-zero 
coercivity. A weak and broad anomaly observed in the 50 Oe ZFC data around 16 K agrees with 
earlier reports of Tt. However, Tt coincides with the TC of the confirmed ferromagnetic NdPd 
impurity and, considering both heat capacity and neutron diffraction data described below, we 
conclude that it is impossible to determine with certainty whether the anomaly at Tt is intrinsic or 
extrinsic to Nd7Pd3. The PM – AFM transition is no longer present in magnetic fields of 20 kOe and 
above, and the first-order transition becomes PM-FM (Fig. 2b). In the paramagnetic region the 
temperature dependence of the inverse magnetic susceptibility of Nd7Pd3 follows the Curie-Weiss 
law down to ~50 K (Fig. 2b, inset). The effective magnetic moment is 3.58 B/Nd atom, in 
excellent agreement with the theoretically expected value of 3.62 B. The Weiss temperature, p, is 
32 K.  
The isothermal magnetization measurements clearly show a metamagnetic-like transition above TC. 
The shape of the M(H) curve measured at 35 K indicates a much sharper transition from the AFM 
ordered state into the field-induced FM state compared to the broad PM-FM transformation 
observed at 40 K (Figure 2d). Very small, if any, magnetic hysteresis is observed at 30 and 35 K, 
and no hysteresis is found at higher temperatures. At 2 K Nd7Pd3 has a moderate coercivity of 1.5 
kOe (Figure 2c), in agreement with Ref. [9]. The observed net magnetic moment at 70 kOe is 
approximately 1.8 B per Nd atom, which is much lower than the gJJ value of 3.28 expected for Nd, 
and is in agreement with Refs. [9, 11]. Crystal field effects or/and a non-collinear magnetic 
structure of Nd7Pd3 are potentially responsible for the reduction of saturation magnetization. 
AC magnetic susceptibility measurement results (Figure 3) are similar to those reported in Ref. 
[11]. They clearly show that the first magnetic transition in Nd7Pd3 on cooling occurs at 37 K, 
followed by the TC peak at 33 K, the anomaly at Tt = 16 K and another low temperature anomaly at 
Tf = 6 K. The latter transition is not seen in dc magnetization measurements but is prominent in the 
imaginary part of ac susceptibility.  Authors of Ref. [11] ascribed the transition at Tf = 6 K to a 
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spin-glass transition, arguing that it may potentially explain the magnetic hysteresis observed in the 
2 K M(H) data. 
3.2. Heat Capacity 
The temperature dependence of the heat capacity of Nd7Pd3 was measured in zero magnetic field 
from 1.8 to 60 K (see Figure 4, the region up to 50 K is shown for clarity). In agreement with the 
magnetization measurements, two main transitions, a sharp first-order peak at TC = 34 K, and a 
lambda-type anomaly at TN = 38 K, are observed. In addition, weak but noticeable kinks are 
observed at 15 and 30 K. Considering the small entropies involved, it is possible that both 
anomalies are related to the impurity phases, i.e. ferromagnetic ordering in NdPd at 15 K, and a 
phase transition in a second, unidentified impurity phase. However, they may also reflect subtle 
changes in the values of Nd magnetic moments detected by the temperature-dependent neutron 
diffraction (see Fig. 12, below). 
3.3. Temperature-dependent X-ray powder diffraction 
An unambiguous presence of the first-order transformation in Nd7Pd3 agrees with the volume 
discontinuity at TC, which was observed earlier using the thermal expansion measurements 
performed with a strain gauge [8]. In order to study the low-temperature structural behavior of 
Nd7Pd3 and to uncover the nature of the volume discontinuity, the temperature-dependent XRD 
investigation of the powdered Nd7Pd3 sample was performed in zero magnetic field on cooling from 
300 to 10 K. The data observed the Th7Fe3 structure type in the whole range of investigated 
temperatures and the temperature dependences of both lattice parameters and unit cell volume 
calculated using the P63mc symmetry show distinct steps near the ferromagnetic ordering 
temperature (Figure 5). 
Clearly, the spontaneous magnetoelastic effect in Nd7Pd3 is anisotropic. The lattice parameter a 
moderately increases (Δa/a = 0.17%) while a minor contraction is observed along the c axis (Δc/c = 
-0.09%). The major contribution to the unit-cell volume change (ΔV/V = 0.23%) in the hexagonal 
lattice comes from the expansion in the ab-plane. This increase is in good agreement with the Δl/l = 
0.07% value reported by the strain gauge measurements [8] (assuming that ΔV/V = 3Δl/l). It has to 
be noted that the transition width observed by XRD is much broader compared to that observed by 
other techniques. This is an extrinsic effect occurring due to stress built-up from grinding and 
binding of the material during sample preparation [15]. The resolution of our XRD setup, which 
uses Kα1 and Kα2 doublet, was insufficient to observe the P63mc – Cmc21 distortion at TC detected 
by the synchrotron experiment (see below). 
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3.4. Neutron and synchrotron diffraction results 
The high resolution neutron powder diffraction data taken at 300 K confirm the hexagonal Th7Fe3-
type structure (P63mc) with a = 10.1367(1) Å and c = 6.3847(1) Å. The lattice parameters are very 
close to those of previous samples confirming the absence of stoichiometric discrepancies between 
the samples. The NdPd phase was not observed, however, a minor amount of an unidentified 
impurity phase was found in the sample. The refinement of the low temperature high resolution 
neutron data taken at 20 K and 1.8 K does not indicate any deviation of the crystallographic 
structure at low temperature from the Th7Fe3-type, in agreement with the laboratory XRD data.  
Figure 6 displays the thermodiffractogram of Nd7Pd3 between 1.5 K and 45 K. Two transitions are 
clearly visible and can be related to the AFM and FM transformations detected in the magnetic and 
heat capacity data. The signature of the antiferromagnetic phase is the magnetic Bragg peak found 
at very low Q-values which appears only in a very small temperature region of less than 5 K. The 
very steep maximum is only stable over a T-range of about 0.2 K and a hysteresis of about 7 K is 
shifting this maximum depending on heating (34.5 K) or cooling (27 K) conditions, which disagrees 
with the magnetic data that show practically no hysteresis. However, it is worth noting that unlike 
diffraction data the magnetization was measured in applied magnetic field, and significant 
discrepancies between neutron diffraction data measured in zero field and M(T) data measured in 
applied, albeit small, field are possible. As the measuring conditions employed heating and cooling 
rates of about 1° C in 10 min it seems unlikely that this hysteresis could be linked to unreached 
thermal equilibrium conditions. 
A cyclic LeBail refinement of the temperature dependent data using the P63mc structure revealed 
the presence of a sharp volume anomaly of V/V = 0.13 % over 2 K centered at about 34.5 K 
(heating); see Figure 7a. This corresponds exactly to the temperature where the antiferromagnetic 
phase – visible through the extremely strong magnetic Bragg peak at very low 2 – appears sharply 
during heating. It seems therefore justified to attribute the appearance of this first order transition to 
the transition from the ferromagnetic phase to the antiferromagnetic phase at TC. Between about 17 
K and 34 K a steady reduction of the volume in the purely ferromagnetic phase is taking place. As 
found in the x-ray data the volume change is determined by the behavior of the hexagonal a-axis 
(Figure 7b) which dominates the opposite thermal expansion behavior of the c-axis (Figure 7c). As 
will be shown below, the expansion/contraction of the a-axis is caused by the magnetic moments 
having their easy axis along a. It has to be noted that due to the wider transition range observed in 
the powder diffraction samples the calculation of the relative lattice changes is somewhat 
subjective, but overall we have a good agreement between x-ray and neutron data. The higher 
thermal resolution of the neutron data indicates a further very small thermal anomaly at T ~ 16 K 
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(Figure 7a), which may be related to the small anomaly seen in the magnetic and the heat capacity 
data. However, considering that the anomaly is very weak and that there is no apparent change of 
the magnetic structure below TC, it is hard to believe that its nature is related to any spin-
reorientation, and therefore, it is more likely that the observed magnetic anomaly at 16 K is caused 
by NdPd impurity.  
The magnetic scattering of the ferromagnetic phase is revealed as an additional contribution to the 
nuclear Bragg peaks and is therefore indexed with the magnetic propagation vector k2 = 0 while the 
antiferromagnetic phase can be indexed with k1 = [0 0 ] with  ~ 0.12. The magnetic phases are 
strongly reminiscent of those present in the isostructural compound Nd7Rh3 [12] where, however, 
the antiferromagnetic phase with k = [0 0 0.1] remains present down to the lowest temperatures in 
coexistence with a ferromagnetic phase below 20 K. Magnetic symmetry analysis [20,21] was used 
to determine the allowed irreducible representations (IR) and their basis vectors (BV) for the 
magnetic Nd atoms on (6c) and (2b) in space group P63mc with k1 = [0 0 ] (Table 1) and k2 = 0 
(Table S2 of [12]).  
There exist six IRs for the site 6c and four IRs for the site 2b for k1 = [0 0 l]. Only IR3 of the 6c site 
and IR6 of the 2a site create intensity for the dominant (0 0 0)± peak at very low angles. This 
corresponds to the situation found already for Nd7Rh3. A good refinement (RMag = 5.6 %) was 
achieved using BV1 and BV2 of IR3 for Nd1/Nd2 on the 6c sites and BV1 and BV2 of IR6 for Nd3 
on the 2b site. It was possible to constrain BV1=BV2 and furthermore Nd1 = Nd2 limiting thereby 
the magnetic moment-related free parameters to only two.  
No combination of the six allowed IRs for the site 6c and the four IRs of site 2b for k2 = 0 given in 
Table S2 of [12] is able to account for the magnetic diffraction intensities of the ferromagnetic 
phase. A good refinement of the low temperature diffraction data is only possible when assuming 
that all magnetic moments lie within the hexagonal basis plane. This configuration is allowed from 
symmetry analysis for the 2b site (IR6) but not for the site 6c. Possible explanations for the failure 
of symmetry analysis are either the presence of higher order terms of magnetic interaction (e.g. 
strong rare earth single ion anisotropy, common in Nd) not accounted for in the symmetry analysis 
or a symmetry reduction. The second possibility could be connected to the presence of the first 
order transition at TC where a structural transition to a lower symmetry not detectable with the 
available resolution of the high resolution diffraction data could have taken place. In order to check 
for this possibility additional synchrotron data were taken between 50 K and 10 K and small 
splitting of several Bragg peaks became visible below about 32 K. Checking the possible subgroups 
of P63mc the orthorhombic space group Cmc21 revealed itself as describing the correct low 
temperature symmetry. Figure 8 displays the refinement of the data taken at 10 K where aorth ~ ahex, 
10 
 
borth ~ bhex/√3 and corth ~ chex; Table 3 lists the refined atom coordinates and lattice parameters. One 
should remark here that the number of independent rare earth sites which will be responsible for the 
magnetic behavior has increased from three to five with Nd11, Nd12 and Nd21, Nd22 created from 
the original 6c positions while Nd3 results from the splitting of the original 2b position. The inset of 
Figure 8 compares data taken above and below the structural transition revealing the small splitting 
not detected in the neutron and laboratory x-ray diffraction data. Figure 9a shows that the 
orthorhombic splitting is still visible at 30 K but becomes undetectable at 32.5 K. The large volume 
change linked to the first order transition can now be directly related to the symmetry change from 
Cmc21 to P63mc (Figure 9b). At the same time changes in interatomic distances are uniformly 
minor, see Table S1 in the supporting information.  While the average Nd-Nd distances stay 
practically constant for all sites, the variances are measurably reduced from 0.3127 (Nd1) and 
0.2111 (Nd3) in the hexagonal polymorph to 0.286 and 0.1784, respectively, in the orthorhombic 
polymorph (Table S2 in the supporting information). Hence, in the ferromagnetically ordered 
Cmc21 phase, the Nd-Nd distances are more homogeneous.  Lack of major changes in distances and 
chemical bonding is in line with the nearly anhysteretic nature of the transition at TC.  
As detailed above, the antiferromagnetic structure is symmetry allowed in space group P63mc while 
no BV of the allowed IRs was able to refine the ferromagnetic contribution. It seems therefore 
justified to assume that the change of the magnetic structure from AF to F induces the symmetry 
reduction. Within the temperature range spanned by the hysteresis of this first order transition both 
symmetries are present and linked to the corresponding magnetic structures. Figure 10 displays the 
refinements of the neutron diffraction data taken at 33 K and at 1.5 K. The data at 33 K correspond 
to a temperature where a maximum of the antiferromagnetic phase could be stabilized using a 
delicate heating/cooling procedure. 
The refinement of the T = 33 K data had to include both a majority antiferromagnetic phase and a 
minor ferromagnetic contribution. This coexistence of two magnetic structures changes over the 
first-order transition with only the ferromagnetic phase remaining at low temperatures. The 
resulting structure of the antiferromagnetic phase is depicted in Figure 11a and represents a sine-
wave modulated in the direction of the c-axis structure with magnetic moment within the hexagonal 
basal plane. The refined values of the magnetic amplitudes amount to 1.45(1) B for Nd1 and Nd2 
on site 6c and 2.6(2) B for Nd3 on site 2b. The maximum amplitude found for Nd3 on the 2b site is 
20% less than the maximum ordered magnetic moment expected for Nd3+ (3.28 B) while the 
moment value on the 6c sites is far from being saturated. The coexisting ferromagnetic structure 
was modelled using the magnetic structure given in [12] with magnetic moments of 1.0(2) B for 
Nd1/Nd2 on 6c and 1.1(5) for Nd3 on 2b. As the true ferromagnetic structure is linked to the Cmc21 
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low temperature symmetry this is obviously an approximation which is, however, needed due to the 
impossibility to differentiate between the two nuclear structures in the here refined high intensity 
neutron data. Magnetic symmetry analysis done for k2 = 0 in the actual space group Cmc21 shows 
that now all five Nd-sites possess allowed IRs having a BV describing a ferromagnetic order within 
the original hexagonal basal plane (Table 2). For both Wyckoff sites (4a, 8b) IR3 sees a BV 
representing a ferromagnetic coupling along the orthorhombic b-axis, while IR4 has a BV for 
ferromagnetic order along the a-axis. Testing both possibilities, the second option with magnetic 
moments along the a-axis is clearly favored and relates the orthorhombic distortion to a magneto-
structural effect where the alignment of the ferromagnetic moments breaks the original hexagonal 
symmetry by expanding the lattice in direction of the moments (Figure 9a). The refinement of the 
1.5 K data (Figure 10b) results in magnetic moment values of 1.85(9) B and 2.06(6) B for 
Nd11/Nd12, 1.29(7) B and 2.32(3) B for Nd21/Nd22 and 2.61(10) B for Nd3. Calculating the 
vector sum of the 8 Nd moments on 8b and the 2 Nd moments on 2a one gets a total magnetic 
moment of 2.02 B per Nd site.  This corresponds reasonably well to the value (1.8 B) deduced 
from the magnetization data presented above.  
It was not possible to use the high intensity data of D20 to do a full cyclic Rietveld refinement as 
the number of free parameters in Cmc21 would have been too large for the quality of the data. 
However, we were able to determine the temperature dependence of the magnetic moments within 
the ferromagnetic phase by fixing the atom coordinates to the value found from high resolution 
data. Figure 12 displays the temperature dependences of the magnetic moments on the five 
independent Nd sites of Cmc21. All 5 sites see a jump-like appearance of the magnetic moments 
below TC, which confirms again the first-order nature of the transition.  A slight change in the 
magnetic moment value of the Nd11 and Nd21 sites around T = 15 - 20 K could be linked to the 
small anomaly seen in the magnetization and heat capacity data but this interpretation is somewhat 
hypothetical in view of the size of the error bars.  
Discussing the small temperature region which sees a coexistence of antiferro- and ferromagnetic 
order the question remains whether this region sees a coexistence of two spatially separated phases 
– one antiferro- and one ferromagnetic – or whether the two types of magnetic order are present in 
the same phase. The first option is most expected among first-order transition where phase 
separation is common; however, it can be excluded as the limitation of the ferromagnetic phase to a 
separate and therefore smaller sample volume would suppose magnetic moment values far higher 
than those found through the cyclic refinement at temperatures slightly below the disappearance of 
the antiferromagnetic structure in order to account for the detected ferromagnetic scattering 
intensity.  This leaves valid the second option indicating that the magnetoelastic transition in 
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Nd7Pd3 is triggered by the rising ferromagnetic component within the initial antiferromagnetically 
ordered state. 
3.5. Theoretical Investigation 
Ferromagnetic (FM) density functional theory (DFT) calculations with magnetic moments along 
[001], [100], and [110] directions within the non-centrosymmetric hexagonal Th7Fe3 structure 
(P63mc) point to the lowest total energy when Nd magnetic moments are confined to the ab-plane. 
The total energy of the orthorhombic FM Cmc21 with the Nd moments along [100] is lower by ~168 
meV/cell compared to the same in the hexagonal FM P63mc structure. The calculations, therefore, 
confirm the a-axis as the easy magnetization direction for the ground state FM Cmc21. The 
calculated spin (orbital) moments for the ferromagnetic Cmc21 are 3.45(1.46) µB/Nd11, 3.45(1.47) 
µB/Nd12, 3.39(1.46) µB/Nd21, 3.39(1.48) µB/Nd22, 3.45(1.45) µB/Nd3, 0.02(0) µB/Pd1, and 0.02(0) 
µB/Pd2; the spin and orbital moments of Nd are antiparallel. The calculated magnetic moments of 
inequivalent Nd sites are nearly identical, indicating that DFT is still inadequate to reproduce the 
experimentally observed moment values, specifically the orbital moments. The latter are much 
smaller than 6 µB expected from the Hund’s rule for a 10-fold degenerate free Nd
3+, indicating that 
the values of 4f orbital moments are reduced due to crystal field.  The average calculated total 
magnetic moment of 1.96 µB/Nd agrees reasonably well with both the neutron (2.02 B/Nd) and 
bulk magnetization (1.80 B/Nd) results. 
The spin up 4f states of inequivalent Nd atoms are degenerate (Fig. 11b), similar to other Nd-
containing materials, e.g., NdAl2 [25], and are co-located close to -5 eV (occupied) and 2 eV 
(unoccupied) in agreement with the x-ray photoemission and inverse photoemission spectroscopy 
data of Nd metal [26].  Due to pseudo-hexagonal symmetry, both pairs of split Nd atoms (e.g., Nd11 
and Nd12 as well as Nd21 and Nd22) have similar DOS. Nd 5d and Pd 4d states are strongly 
hybridized (Fig. 13a), which is one of the necessary conditions for stronger than metallic chemical 
bonding between Nd and Pd atoms.  The Fermi level falls close to a local minimum, which is in line 
with a stable ferromagnetic ground state. However, even a minor lateral shift of the total d-electron 
DOS due to an external perturbation (e.g., temperature- or magnetic field-induced change of lattice 
parameters), may move the Fermi level out of the local minimum, thus explaining structural and 
magnetic instabilities observed experimentally at TC.  
4. Conclusions 
Non-centrosymmetric binary Nd7Pd3 exhibits a sequence of different magnetic structures and a 
first-order phase transformation between two ordered (AFM and FM) states.  Bulk magnetic and 
heat capacity measurements, as well as neutron diffraction data, confirm the presence of two 
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successive magnetic ordering transitions, antiferromagnetic at TN = 37 K and ferromagnetic at TC = 
33 K.  We could not establish with certainty whether a weak magnetic anomaly observed at Tt = 
~15 K is intrinsic to Nd7Pd3, as it may correspond to a magnetic transition of a NdPd impurity. In 
contrast to magnetization measurements neutron diffraction data detect ~7 K thermal hysteresis 
associated with the AFM-FM transition as well as co-existence of both AFM and FM phases over a 
narrow temperature range.  A weak distortion of the high-temperature P63mc hexagonal crystal 
structure into a low temperature non-centrosymmetric Cmc21 orthorhombic was detected at TC 
using high-resolution synchrotron data; this distortion, which likely has a magnetoelastic origin, 
remains hidden in both laboratory XRD data and high-resolution neutron diffraction.  
The Nd magnetic moments align along the a-axis in the ferromagnetic orthorhombic phase, 
suggesting it as the easy magnetization axis. Comparing the a and b parameters of the orthorhombic 
phase (a = 10.1067 Å and b = 17.475 Å at 10 K) with the equivalents in the hexagonal phase (a = 
10.083 Å and 3a = b = 17.464 Å at 35 K) shows that there is an expansion within the plane where 
the magnetic moments lie, especially along the easy magnetization [100] direction. The main 
features of microscopic magnetism of Nd7Pd3 (e.g. coexistence of AFM and FM components and 
magnetic structures) are similar to those of Nd7Rh3 [12] despite notable differences in bulk physical 
properties and crystallographic behaviors between these two compounds. According to the neutron 
diffraction results the magnetic moments at the lowest temperature are significantly smaller than 
those of the free ion value of Nd3+ (Nd
3+ = 3.28 B) for the split “6c sites” (1.85(9) B and 2.06(6) 
B for Nd11/Nd12, 1.29(7) B and 2.32(3) B for Nd21/Nd22), but closer to it for the “2b site” 
(2.61(10) B/Nd for Nd3). DFT confirms the experimentally observed ferromagnetic Cmc21 ground 
state with the a-axis as the easy magnetization direction. The calculated magnetic moment averaged 
over all Nd atoms agrees with both neutron and magnetization results, even though DFT was unable 
to produce the individual moments correctly. Comparing Nd7Pd3 and Nd7Rh3 [12] the main 
difference resides in the very small coexistence range of ferromagnetic and antiferromagnetic states 
found in the former. The latter which sees coexistence of both magnetic states down to lowest 
temperatures is known to see a magnetic field induced first order magnetic phase transition which 
we can now tentatively link to a strengthening of the ferromagnetic phase fraction inducing the 
appearance of a probably similar structural transition to Cmc21.  
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Tables 
Table 1. Irreducible representations (IR) and their basis vectors (BV) for k1 = [0 0 ] for Wyckoff sites 6c 
and 2a in P63mc. a = cos2i/2, b = sin2i/2, c = cos2i⅓, d = sin2i⅓, e = cos2i(⅓+/2), f = 
sin2i(⅓+/2), g = cos2i(⅔+/2), h = sin2i(⅔+/2). 
 IR1  IR2  IR3 
Site 6c BV1 BV1 BV2 BV1 BV2 BV3 BV4 BV5 BV6 
x,y ,z 1 1 0 ½ -½ 0 0 0 1 1 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0 0 -1 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-x,-y,z+½ -a –a 0 -a/2 a/2 0 0 0 a -a 0 0 0 –a 0 0 0 a 0 –a 0 -a 0 0 0 0 -a 
 b b 0 b/2 –b/2 0 0 0 -b b 0 0 0 b 0 0 0 -b 0 b 0 b 0 0 0 0 b 
-y,x-y,z -1 0 0 ½ 1 0 0 0 1 0 c 0 -c –c 0 0 0 c -c –c 0 0 c 0 0 0 -c 
 0 0 0 0 0 0 0 0 0 0 –d 0 d d 0 0 0 -d -d –d 0 0 d 0 0 0 –d 
y,-x+y,z+½ a 0 0 -a/2 –a 0 0 0 a 0 –e 0 e e 0 0 0 e g g 0 0 –g 0 0 0 -g 
 -b 0 0 b/2 b 0 0 0 -b 0 f 0 -f –f 0 0 0 -f h h 0 0 –h 0 0 0 -h 
-x+y,-x z 0 -1 0 -1 -½ 0 0 0 1 -c –c 0 c 0 0 0 0 c c 0 0 -c –c 0 0 0 –c 
 0 0 0 0 0 0 0 0 0 -d –d 0 d 0 0 0 0 d -d 0 0 d d 0 0 0 d 
x-y,x,z+½ 0 a 0 a a/2 0 0 0 a g g 0 -g 0 0 0 0 g -e 0 0 -e e 0 0 0 –e 
 0 –b 0 -b –b/2 0 0 0 -b h h 0 -h 0 0 0 0 h f 0 0 f –f 0 0 0 f 
   
 IR4 IR5 IR6 
 BV1 BV1 BV2 BV1 BV2 BV3 BV4 BV5 BV6 
x,y ,z 1 1 0 ½ -½ 0 0 0 1 1 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0 0 -1 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-x,-y,z+½ a a 0 a/2 –a/2 0 0 0 –a a 0 0 0 a 0 0 0 -a 0 a 0 a 0 0 0 0 a 
 -b –b 0 -b/2 b/2 0 0 0 b -b 0 0 0 –b 0 0 0 b 0 –b 0 b 0 0 0 0 –b 
-y,x-y,z -1 0 0 ½ 1 0 0 0 1 0 c 0 -c –c 0 0 0 c -c –c 0 0 c 0 0 0 c 
 0 0 0 0 0 0 0 0 0 0 –d 0 d d 0 0 0 -d -d –d 0 0 d 0 0 0 –d 
y,-x+y,z+½ -a 0 0 a/2 a 0 0 0 –a 0 e 0 -e –e 0 0 0 -e -g –g 0 0 g 0 0 0 g 
 b 0 0 -b/2 –b 0 0 0 b 0 –f 0 f f 0 0 0 f -h –h 0 0 h 0 0 0 h 
-x+y,-x z 0 -1 0 -1 -½ 0 0 0 1 -c –c 0 c 0 0 0 0 c c 0 0 -c –c 0 0 0 –c 
 0 0 0 0 0 0 0 0 0 -d –d 0 d 0 0 0 0 d -d 0 0 d d 0 0 0 d 
x-y,x,z+½ 0 –a 0 -a –a/2 0 0 0 –a -g –g 0 g 0 0 0 0 -g e 0 0 -e –e 0 0 0 e 
 0 b 0 b b/2 0 0 0 b -h –h 0 h 0 0 0 0 -h -f 0 0 f f 0 0 0 -f 
 
 IR2  IR3 
Site 2b BV1  BV1 BV2 
x, y, z 0 0 1  1.5 0 0 0 1.5 0 
 0 0 0  -d -2d 0 -2d –d 0 
-x, -y, z+½ 0 0 a  (√3/2b-1.5a) √3b 0 √3b (√3/2b-1.5a) 0 
 0 0 -b  (√3/2a+1.5b) √3a 0 √3a (√3/2a+1.5b) 0 
     
 IR4  IR6 
 BV1  BV1 BV2 
x, y, z 0 0 1  1.5 0 0 0 1.5 0 
 0 0 0  -d -2d 0 -2d –d 0 
-x, -y, z+½ 0 0 –a  (1.5a-√3/2b) -√3b 0 -√3b (1.5a-√3/2b) 0 
 0 0 b  -(√3/2a+1.5b) -√3a 0 -√3a –(√3/2a+1.5b) 0 
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Table 2. Irreducible representations (IR) and their basis vectors (BV) for  = [0 0 ] for Wyckoff sites 8b 
and 4a in Cmc21. 
 IR1  IR2   IR3  IR4 
Site 8b BV1 BV2 BV3 BV1 BV2 BV3 BV1 BV2 BV3  BV4 BV5 BV6 
x, y , z 1 0 0 0 1 0 0 0 1 1 0 0 0 0 1 0 0 1 1 0 0 0 1 0 0 0 1  1 0 0 0 1 0 0 0 1 
-x, -y, z+½ -1 0 0 0 -1 0 0 0 1 -1 0 0 0 0 -1 0 0 1 1 0 0 0 1 0 0 0 -1  1 0 0 0 1 0 0 0 -1 
x, -y, z+½ -1 0 0 0 1 0 0 0 -1 1 0 0 0 0 -1 0 0 1 -1 0 0 0 1 0 0 0 -1  1 0 0 0 -1 0 0 0 1 
-x, y, z 1 0 0 0 -1 0 0 0 -1 -1 0 0 0 0 1 0 0 1 -1 0 0 0 1 0 0 0 1  1 0 0 0-1 0 0 0 -1 
 
 IR1  IR2 
Site 4a BV1  BV1 BV2 
x, y, z 1 0 0  0 1 0 0 0 1 
-x, -y, z+½ -1 0 0  0 -1 0 0 0 1 
     
 IR4  IR3 
 BV1  BV1 BV2 
x, y, z 1 0 0  0 1 0 0 0 1 
-x, -y, z+½ 1 0 0  0 1 0 0 0 -1 
 
Table 3. Atom positions and lattice parameters of Nd7Pd3 in Cmc21 as determined from the refinement of 
synchrotron x-ray data at T = 10 K. 
 x y z 
Nd11 0.3087(3) 0.2310(2) 0.0266(10) 
Nd12 0 0.4611(3) 0.5267(17) 
Nd21 0.1877(3) 0.9377(2) 0.8232(9) 
Nd22 0 0.8744(3) 0.3241(16) 
Nd3 0 1/3 0.022* 
Pd1 0.7157(4 0.0944(3) 0.7661(10) 
Pd2 0 0.1896(4) 0.2674(18) 
    
a (Å) 10.10674(4)   
b (Å) 17.47513(7)   
c (Å) 6.34845(2)   
* fixed 
 
Figure Captions 
Figure 1. Magnetization of Nd7Pd3 measured as a function of temperature at H = 50 Oe (the inset 
highlights the AFM transition at TN). 
Figure 2. a) Magnetization of Nd7Pd3 measured as a function of temperature at H = 1 kOe (the inset 
shows the PM-AFM transition); b) Magnetization of Nd7Pd3 measured as a function of temperature 
at H = 20 kOe (the inset presents the Curie-Weiss behavior of Nd7Pd3 in PM region); c) 
Magnetization of Nd7Pd3 measured as a function of applied magnetic field at 2 K (the inset shows 
the M(H) plot between -10 and 10 kOe); and d) Magnetization of Nd7Pd3 measured as a function of 
applied magnetic field at 30, 35, 40, and 45 K. 
Figure 3. a) Real and b) imaginary ac susceptibility of Nd7Pd3 measured during cooling in a bias 1 
Oe dc magnetic field. 
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Figure 4. Heat capacity of Nd7Pd3 measured in zero magnetic field. The inset highlights the region 
around the ordering transitions; the arrows indicate minor anomalies that may or may not be 
intrinsic to Nd7Pd3. 
Figure 5. Temperature dependences of (a) lattice parameters, and (b) unit-cell volume of Nd7Pd3 
determined by Rietveld refinement of X-ray powder diffraction data in P63mc. The inset to Figure 
5b shows the temperature dependence of the c/a ratio. 
Figure 6. Thermodiffractogram of Nd7Pd3 measured on heating in zero magnetic field (neutron 
diffraction data). Arrows point to the strongest antiferromagnetic and ferromagnetic Bragg peaks, 
respectively. 
Figure 7. Temperature dependence of the unit cell volume (a) and of the a (b) and c (c) lattice 
parameters determined by LeBail refinement of neutron diffraction data in P63mc. Values for V/V 
and a/a are given for the overall changes between TN and 15 K and for the sharp first order 
transition at TN spanning a T of 2 K. 
Figure 8. Rietveld refinement of synchrotron data at T = 10 K in Cmc21. The inset displays for a small 
2 region a comparison of data taken at 20 K and 40 K revealing the enlargement/splitting of Bragg 
reflections due to the structural transition from P63mc to Cmc21. 
Figure 9. Temperature dependence over the region of the first order transition from P63mc to Cmc21 
of a) the orthorhombic splitting and b) the volume of Nd7Pd3 as deduced from the synchrotron 
diffraction data. 
Figure 10. Rietveld refinements of the neutron diffraction data at T = 33 K (a) and 1.5 K (b). 
Observed (dots, red), calculated (line, black) and difference pattern (line, blue). The tick marks 
indicate the position of the calculated Bragg peaks. The pattern at 33 K is refined using a structural 
phase (P63mc), a ferromagnetic phase with k2 = 0 (Mag F) and an antiferromagnetic phase (Mag 
AF) with k1 = [0 0 ],  =  following the models given in [12]. The refinement at 1.5 K uses the 
description in Cmc21 and a purely ferromagnetic order. 
Figure 11. Magnetic structure of the antiferromagnetic (a) phase of Nd7Pd3. Nd moments on 6c (2b) 
atoms of spacegroup P63mc are shown in blue (red). Magnetic structure of the ferromagnetic (b) 
phase of Nd7Pd3 in Cmc21. 
Figure 12. Temperature dependence of the magnetic moment values of the five independent Nd3+ 
sites in Cmc21.  
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FIG. 13. The atom projected density of states (DOS) of Nd7Pd3 in the Cmc21 structure.  DOS of 
Nd12 and Nd22 are, respectively, similar to Nd11 and Nd21 and are not shown for clarity. (a) Nd 5d  
and Pd 4d DOS around the Fermi level; (b) Nd 4f  DOS. 
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Figure 1. Magnetization of Nd7Pd3 measured as a function of temperature at H = 50 Oe (the inset 
highlights the AFM transition at TN). 
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Figure 2. a) Magnetization of Nd7Pd3 measured as a function of temperature at H = 1 kOe (the inset 
shows the PM-AFM transition); b) Magnetization of Nd7Pd3 measured as a function of temperature 
at H = 20 kOe (the inset presents the Curie-Weiss behavior of Nd7Pd3 in PM region); c) 
Magnetization of Nd7Pd3 measured as a function of applied magnetic field at 2 K (the inset shows 
the M(H) plot between -10 and 10 kOe); and d) Magnetization of Nd7Pd3 measured as a function of 
applied magnetic field at 30, 35, 40, and 45 K. 
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Figure 3. a) Real and b) imaginary ac susceptibility of Nd7Pd3 measured during cooling. 
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Figure 4. Heat capacity of Nd7Pd3 measured in zero magnetic field. The inset highlights the region 
around the ordering transitions; the arrows indicate minor anomalies that may or may not be 
intrinsic to Nd7Pd3. 
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Figure 5. Temperature dependences of (a) lattice parameters, and (b) unit-cell volume of Nd7Pd3 
determined by Rietveld refinement of X-ray powder diffraction data in P63mc. The inset to Figure 
5b shows the temperature dependence of the c/a ratio. 
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Figure 6. Thermodiffractogram of Nd7Pd3 measured on heating in zero magnetic field (neutron 
diffraction data). Arrows point to the strongest antiferromagnetic and ferromagnetic Bragg peaks, 
respectively. 
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Figure 7. Temperature dependence of the unit cell volume (a) and of the a (b) and c (c) lattice 
parameters determined by LeBail refinement of neutron diffraction data in P63mc. Values for V/V 
and a/a are given for the overall changes between TN and 15 K and for the sharp first order 
transition at TN spanning a T of 2 K. 
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Figure 8. Rietveld refinement of synchrotron data at T = 10 K in Cmc21. The inset displays for a small 
2 region a comparison of data taken at 20 K and 40 K revealing the enlargement/splitting of Bragg 
reflections due to the structural transition from P63mc to Cmc21. 
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Figure 9. Temperature dependence over the region of the first order transition from P63mc to Cmc21 
of a) the orthorhombic splitting and b) the volume of Nd7Pd3 as deduced from the synchrotron 
diffraction data.  
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Figure 10. Rietveld refinements of the neutron diffraction data at T = 33 K (a) and 1.5 K (b). 
Observed (dots, red), calculated (line, black) and difference pattern (line, blue). The tick marks 
indicate the position of the calculated Bragg peaks. The pattern at 33 K is refined using a structural 
phase P63mc (Nuc), a ferromagnetic phase with k2 = 0 (Mag F) and an antiferromagnetic phase 
(Mag AF) with k1 = [0 0 ],  =  following the models given in [12]. The refinement at 1.5 K 
uses the description in Cmc21 and a purely ferromagnetic order. 
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Figure 11. Magnetic structure of the antiferromagnetic (a) phase of Nd7Pd3. Nd moments on 6c (2b) 
atoms of spacegroup P63mc are shown in blue (red). Magnetic structure of the ferromagnetic (b) 
phase of Nd7Pd3 in Cmc21.  
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Figure 12. Temperature dependence of the magnetic moment values of the five independent Nd3+ 
sites in Cmc21. 
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Figure 13. The atom projected density of states (DOS) of Nd7Pd3 in the Cmc21 structure.  DOS of 
Nd12 and Nd22 are, respectively, similar to Nd11 and Nd21 and are not shown for clarity. (a) Nd 5d  
and Pd 4d DOS around the Fermi level; (b) Nd 4f  DOS. 
